Our aim was to study the rotational mechanics of the heart in a special population including neonates, young children, and adolescents. We showed the effect of age on torsion and the different rotational variables. This study is the first that focuses on neonatal heart mechanics.
Introduction
The myocardium of the left ventricle (LV) is composed of three layers: inner and outer oblique fibres with circumferential myocardial fibres in the midwall. 1, 2 The helical pattern of both oblique layers was described as outer left-and inner right-handed spiral orientation suitable for use in finite-element stress analysis, simulation of cardiac electrical activation and other cardiac field modelling problems. 3, 4 The action potential propagation from endocardium to epicardium and from apex to base is essential for effective pump function of LV body towards the LV outflow while repolarization propagates from base to apex. 5 Conventionally, the twist of the LV is viewed from the apex. Counterclockwise rotation is considered positive and recorded above the baseline, whereas clockwise rotation is recorded below the baseline as a negative value. The rotation is measured in degrees around the centroid of the LV cylinder. Subepicardial fibres rotate opposite to subendocardial myocardium. The torque generated by the epicardial myocardium is taking control for the net rotation because of longer force arm that enables the outer fibres to dominate. 1 The cardiac contraction was described as wringing motion where the apex rotates with respect to the base. This wringing motion or torsion is the net twist between apical and basal segments indexed by LV long-axis length. 2, 6 It increases by exercise, loading the ventricle and inotropic stimulation. 7 -9 The twist rate was shown to be surrogate to ventricular function, whereas untwist rate describes the diastolic condition accurately. 10 -12 Diastolic recoil is thought to contribute to the early LV suction and filling. 13 -15 Actually, systolic twist stores energy to be released during diastole as was found by Rothfeld et al. 16 Certain myocardial disorders showed specific torsion patterns. In dilated cardiomyopathy, there is significant decrease in the apical rotation that might progress to loss of twist and ineffective pump action. This was found to be associated with LV remodelling, reduced systolic function, and increased filling pressures which indicates more advanced stage. 17, 18 The use of torsion in heart failure facilitates early detection of conduction variability in the ventricular wall. 19 During the last two decades, cardiac MRI (CMR) was used to study myocardial motion basically using two methods: tissue tagging and phase contrast velocity mapping. It was considered the goal standard to quantify LV torsion because it was able to track the myocardium in any plane throughout the cardiac cycle. 20 Buchalter et al., 21 using CMR, have shown that the twist angle is increasing from base to apex but the circumferentiallongitudinal shear angle remained constant from base to apex and from endocardium to epicardium. The development of twodimensional strain by some medical systems allowed researchers to study myocardial motion by frame-by-frame tracking the myocardial speckles with consistency and reproducibility. 22, 23 Twodimensional speckle tracking is a robust tool for the non-invasive assessment of twist, untwist, and torsion. It is considered now the goal standard to study twist forces in the echocardiography laboratory. Recent speckle tracking torsion studies showed concordance with CMR studies. 22, 23 Several papers were written describing LV torsion forces in adults but only few described these forces in children and measured the age effect. 13,23 -27 We studied twist in children from birth up to adolescence trying to show the patterns of biomechanics of young hearts.
Methods
We recruited 70 normal controls for this study, age range from newborn up to 18 years (36 males and 34 females). The mean age was 6.3 with a standard deviation of 6.1 and median of 6 years. These children were collected from our cardiac clinic referred as murmurs or chest pain in addition to school visits. Some anthropometric measurements were taken for the candidates, such as height, weight and body surface area (BSA). Blood pressure was recorded as part of scanning process. Then, we scanned the children by a standard two-dimensional echocardiography study to exclude congenital heart disease and abnormal function. Only normal structure and functioning hearts were included in the study after getting normal electrocardiograms. Ejection fraction was measured for every child using M-mode (Teichholz method). For better understanding, we divided the controls into four groups: infants, 1 -6, 7 -12, and 13 -18 years ( Table 1) . The study was approved by the research committee in the Children Hospital.
Echocardiography
We acquired several cardiac cycles for each plane using Vivid 7 and Vivid I ultrasound machines (GE VingMed systems, Norway). Different frequency probes were used: S7, S5, and M4S. The echocardiogram tracing was connected to the machine to provide timing of events during the cardiac cycle. We made sure of a stable heart rate during acquisition and tried to get the images during end expiration in older children whenever cooperation was possible. End systole was determined automatically by the software outlining the aortic valve closure. The planes acquired were: basal short axis at the level of the mitral valve, apical short axis beyond the papillary muscles of the LV (the copula of the apex was avoided), and four chambers view to get the end-diastolic LV long-axis length. Frame rate of ≥80 frames/s was used with the least possible artefacts. The images were sent directly to our GE archiving system where the analysis was performed.
Terminology
The twist denotes rotation of the segment during systole while untwist during diastole. Counterclockwise rotation was considered positive and recorded above the baseline of the rotation curve when we look to the segment from the apex, whereas clockwise rotation was expressed as a negative value. Net twist of the LV was calculated as peak apical rotation-peak basal rotation. Torsion was considered as the result of net twist divided by the LV end-diastolic length. LV torsion and twist are not interchangeable in this article. 6 Systolic rotation, twist; diastolic rotation, untwist; TR, twist rate; UR, untwist rate.
Analysis
We used commercially available two-dimensional strain software (EchoPAC PC, Version 6.1.4, GE Medical Systems) for the off-line analysis. First, a line was loosely traced along the LV endocardium at end systole. On the basis of this line, the computer will automatically create a region of interest and will select suitable objects for tracking small rectangular blocks with stable patterns. This region of interest can be adjusted manually according to the myocardial thickness. Tracking will be performed by searching the new location of each block in the next frame using the sum of absolute difference algorithm. The software will define the centroid of each short axis for each time frame and will calculate the rotation measurements for that slice. Rotation will be calculated for each speckle location and averaged for all circumferential positions to get the mean rotation. The software will give a score of six according to the tracing accuracy. Every segment we analysed scored five or more. Then, a curve containing global and segmental rotation degrees by time frame will be produced. We recorded the peak systolic and diastolic rotation degrees and the time to these peaks from the Q wave in the electrocardiogram tracing. Twist rate was calculated as the difference between the beginning of the systolic rotation upstroke and the peak systolic rotation divided by the time difference between the two points. Untwist rate is the difference between peak systolic and peak diastolic rotations divided by the time interval between the two peaks ( Figure 1 ). Both twist and untwist rates were indexed to LV end-diastolic length. Three cardiac cycles were analysed and averaged for each variable in every segment.
Time to every peak was indexed to the heart rate to adjust for intraand intersubject variations. Only the indexed time intervals were used in our calculations and curves production. Rotational deformation delay was defined as the difference between time to peak basal rotation and the time to peak apical rotation. Positive time delay means that the apex peaks before the base. We calculated both systolic and diastolic delays and plotted them against age. 
Statistics
Results were expressed as the mean for every age group with a range of a standard deviation. Analysis of variance was used to test differences among age groups for the different variables. The Bonferroni follow-up test was used to check for significant differences between different age groups. The Pearson correlation coefficient was obtained for different variables against age with the significance level set at ≤0.05.
Results Table 2 summarizes the mean and standard deviation values for the different rotational variables among age groups.
Rotation
The apical systolic rotation was always counterclockwise in all age groups with increasing amount of rotation with advancing age (Figure 2 ). The basal rotation was also recorded counterclockwise during systole in all our controls. There was a trend of increasing the net twist with advancing age (Figure 3) . The Pearson correlation coefficient was 0.41 for apical twist and 0.38 for net twist, P ¼ 0.001. There was no significant change among age groups for basal twist, diastolic rotations, or torsion. Apical twist was the main determinant of the torsion with r-value of 0.48 and P , 0.001 (Table 3) .
Inter-groups differences were significant for basal rotation between infants and 1-6-year groups and between 1-6 and Torsion of young hearts 13 -18 years, P , 0.05. Apical rotation showed significant difference between infants and all other age groups, P , 0.05. For net twist, the first two and the last two groups were almost similar (P was not significant). The net twist was changing dramatically after 6 years of age. In torsion measurements, there was no significant difference between groups ( Table 4) . The diastolic rotation did not show any trend with age unless we index the amount of rotation to LV length. The normalized diastolic recoil correlated well with the age when it increased for the base (r ¼ 0.54, P , 0.001) and weakly for the apex (r ¼ 0.28, P , 0.05).
BSA effect on the different torsion variables was concordant with that observed by age ( Table 5) .
Rotation rates
The twist rate when indexed to LV end-diastolic length showed significant negative correlation with the age: r ¼ 20.58 for the base and 20.62 for the apex, P , 0.001. The untwist rate showed same kind of correlation: 20.69 for the base and 20.6 for the apex with P , 0.001. Figure 4 shows the decline in rotation rates with increasing age.
Events timing
Time to peak for all the events was increasing with age as the heart rate was decreasing. Both apical and basal segments showed Figure 4 The negative effect of ageing on the rotational velocity in both basal and apical segments. Basal, circles; apical, triangles.
Torsion of young hearts significant correlation with age for time to peak of both systolic and diastolic rotations: basal systolic r ¼ 0.83, basal diastolic r ¼ 0.73, apical systolic r ¼ 0.86, and apical diastolic r ¼ 0.88 (P , 0.001 for all results, Figure 5 ). Deformational time delay was significantly decreasing with advancing age; r ¼ 20.74 for systolic delay and 20.53 for diastolic delay (P , 0.001, Figure 6 ).
Interrelations
Net twist correlated very well with apical twist and inversely with basal twist ( Table 4) . The same way of correlation was found for the twist rates: positive for apical and negative for basal segments. Since the torsion was derived from net twist, the correlation was strong between the two variables (r ¼ 0.86, P , 0.001). Diastolic 
Discussion
Torsion is the normalized net difference between apical and basal rotation when LV is viewed from the apex. 28 In adult population, there is clear LV twist because of opposite rotational motion of base and apex, whereas in children both segments rotate in the same direction but for different amounts and with a longer deformational delay compared with adults. This deformational delay contributes significantly to the twist production. 25,26 Figure 7 summarizes the differences between torsion in children and adults and actual wringing and squeezing effect in adults vs. differential twist in children. The twist deformation of the LV continues to intrigue clinicians and researchers because of the complex nature of myocardial architecture. Rotational forces constitute a major indicative of ventricular function, so understanding the mechanics of LV rotation is vital. Until now there are few papers describing twist forces in normal children and the effect of ageing on these forces. The lack of information about circumferential rotational forces in paediatric age group is encouraging more investigators Figure 6 Decrease deformational delay between base and apex with advancing age. Systolic, circles; diastolic (recoil), triangles. Figure 7 Twist biomechanics behaviour. Wringing in adults vs. differential twist motion in children.
Torsion of young hearts to work in this field especially after the emergence of easy and reproducible techniques like speckle tracking echocardiography. We sought to study our normal children including neonates to describe the circumferential biomechanics of the heart. Our population BSA range was 0.17-1.88 m 2 and the imaging was feasible in every subject. The main outcome of this study is a confirmation of previous reports about ageing effect on rotational variables. 25, 26, 29 Including infants in this study is no exception to the general rule of increasing apical twist and thus the net twist with fixed torsion among different age groups. Infants had wider range of twist and untwist rates than other age groups. Indexing time events to heart rate gave the same result as the percentage of systolic duration.
Twist and torsion
The basal twist showed initial increase in the mean between infants group and the toddlers (1-6 years) but then the trend was towards decrease in the mean rotation. We did not report any case with clockwise (negative) systolic rotation in the basal segment even in the adolescents group ( Figure 7) . Some papers claim that the neutral pattern of basal rotation will be reached in early childhood and clockwise adult pattern will be dominant in adolescence. Notomi et al. 24 reported 10 -15 years to be the switch age from counterclockwise to clockwise rotation at the base. In our population, the time to peak for basal rotation was increasing with age and the amount of rotation did show a decline after 6 years of age but it never reverted to negative during systole at any age. It seems, among our controls, that the inner circumferential subendocardial fibres are taking major role in counteracting the outer subepicardial fibres and thus causing counterclockwise rotation at this level. The imbalance cut-off point between the two fibres which is accused of the change in basal twist direction with ageing did not exist in our group of controls. Apical twist was increasing with age in a clear manner as was reported previously. Fixed counterclockwise rotation of the apex among all age groups facilitates homogenous shortening of LV wall during systole. 6, 21, 30 It was proposed that the apical rotation augmentation is due to subendocardial degeneration process that leaves the subepicardial counterclockwise unopposed. The apical twist correlation with age was much stronger than either basal twist or net twist ( Figure 8 ). This could indicate faster maturation of the apex. As with basal rotation, the time to peak was getting longer with the ageing process even after these time events were normalized by the heart rate. The net twist as a result was increasing and this was reported in several papers which studied young adolescents till adults. As matter of fact, there is natural need to keep positive net twist in the heart for effective cardiac contraction. Even with both apical and basal segments twisting in the same direction, increased apical twist and shortened deformational delay with advancing age played a major role in producing effective torsion. This effect of age on net twist abolished after we indexed the results to LV end-diastolic length as was reported in Takahashi et al. study and other reports. 26, 29 Of note, the net twist in infants showed high levels reaching the next group denoting how active their hearts are, which was noted in the above-mentioned studies. The twist rate is highest in infants to meet the metabolic needs of their growing organs. Figure 8 Augmentation of apical twist with increasing age is much more evident than basal twist or net twist. The upper limit represents the apical twist, whereas the lower represents the basal twist. The small circle represents the net twist.
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Untwist
Most of the ventricular recoil happens in the isovolumic relaxation time before the opening of the mitral valve creating negative pressure that facilitates suction of blood into the LV from the left atrium. This recoil is facilitated by progressive base-to-apex relaxation of the subepicardium. Apex-to-base dispersion because of the longer time required for the base to shorten compared with the apex is thought to create relaxation gradients at the onset of diastole which might facilitate restoration of LV during diastole. 31 Actually, the recoil starts immediately after the peak systolic rotation and peaks early in diastole. The amount of recoil was decreasing per LV long-axis unit among the age groups. This finding was also reported by Takahashi et al.
26
A better way to study the diastolic changes with age using the torsion forces is to measure the untwist rate. The small hearts showed faster recoil rates than older ones reflecting the loss of the elastic properties as age advances. Care should be taken when using untwist rate to reflect diastolic function. Wang et al. 13, 27 showed decrease in untwist rate in cases of systolic dysfunction. Each case should be taken in its clinical context.
Events timing
Takahashi et al. reported in their study that apical rotation time to peak is increasing with age, whereas it was not changing for the base even in their younger controls. This finding was also reported by van Dalen et al. 25, 26 In this study, we studied younger group that included newborns and found an increase in indexed time to peak at both levels apical and basal for both systolic and diastolic events ( Figure 5) . Newborns have the earliest systolic peak for basal rotation which was immediately after the QRS complex. Also in the aforementioned studies, they showed decrease in the time difference between basal and apical recoil events (deformational delay), which was also evident in our current study ( Figure 6 ).
The study limitations
We calculated the net twist as the difference between the peak values of both apical and basal systolic rotation curves rather than calculating the rotational difference for each point in the time line. The new EchoPac software (BT 08 and E9) calculates and draws automatically the torsion curve in relation to time after tracking both segments, which is not available in our software version. Of note, we got the same trend of rotational values like the other paediatric papers.
Conclusion
In children, both base and apex rotate in the same direction but for different amounts and with longer basal-to-apical delay producing differential twist. Infants show wide range of rotational velocity with the maximum twist and untwist rates among age groups. Twist increases with age but torsion stays constant.
